Our results suggest that TFIID may have a broader function in gene expression than previously appreciated (21, 22) . The possibility that a transcription factor is shared by pol B and pol C correlates well with previous indications that upstream activating factors stimulate transcription by the B and C enzymes (2, 23) . These upstream activator proteins may act via TFIID (22, 24) . Participation of the TATA factor in the transcription of pol C genes may not be restricted to the U6 (and 7SK) genes, as upstream TATA-like elements have been found in a number of other genes transcribed by pol C (1).
In pol B genes, the interaction of TFIID with the TATA element is thought to promote preinitiation complex formation by favoring subsequent binding ofTFIIB (or a preformed pol B-TFIIB complex) (22, 25) . In the case ofthe U6 gene, TFIID may favor the assembly of TFIIIB that, by itself, does not bind DNA (16, 18) . A functional and evolutionary relationship may therefore exist between TFIIIB and TFIIB or some other general pol B factor. The relatedness of class C and class B transcription factors would thus parallel the close evolutionary relationship of pol B and pol C, as these two enzymes were found more closely related to each other than to enzyme A (26). 8 . A. Moenne et al., EMBOJ. 9, 271 (1990). 9 . D. A. Brow and C. Guthrie, Nature 334, 213 (1988). 10 . TFIIIB activity was purified successively by phosphocellulose, heparin-ultrogel, and Cibacron blueagarose chromatography as described (8) (9) . For tRNA synthesis, the mixtures were supplemented with factor Tau (75 ng). After a 50-min incubation at 25°C, transcripts were analyzed by polyacrylamide-urea gel electrophoresis and autoradiography (8 TCAATTAAAT, which was first identified upstream of engrailed (6) (7) (8) , a gene involved in segmentation.
The homeodomain contains a structure similar to the helix-turn-helix motif of prokaryotic transcriptional repressors (9, 10) . Recognition of specific DNA sites by homeodomain proteins depends on the second a-helix (recognition helix) of this motif (11, 12) . Bicoid and Antp-class proteins use Lys or Gln, respectively, at position 9 of the recognition helix (Fig. 1A) to distinguish between related binding sites (11, 12) .
When Lys9 in the Bicoid recognition helix is replaced by Gln, the mutant protein (Bicoid-Q9) no longer recognizes Bicoid sites, but instead recognizes Antp-class sites (11) .
Bicoid and Antp-class proteins expressed SCIENCE, VOL. 251 in yeast stimulate transcription of target genes that contain functional binding sites (11, 13 (14) and base pair 9 (sites 9 to 12) influenced recognition by Bicoid-Q9; purines were preferred over pyrimidines on the upper strand.
We performed reciprocal experiments to switch the specificity of an Antp site to that ofa Bicoid site (Table 2B ). An Antp site that contained CC in positions 7 We draw a number of conclusions from the above experiments. In all sites with switched specificity, the identity of base pair 7 is decisive; wild-type Bicoid requires C:G, while Bicoid-Q9 requries T:A, indicating that Bicoid and Antp-class homeodomain Table 1 . Recognition of mutant binding sites by wild-type Bicoid and altered specificity Bicoid-Q9 proteins. Yeast cells were cotransformed with plasmids that encoded Bicoid activator proteins and plasmids that contained a target gene that carried the binding sites to be tested (27) . Bicoid proteins were expressed as fusions to the Escherichia coli LexA protein (11, 27) . DNA binding-dependent stimulation of GAL1-lacZ target genes was measured as described (11 proteins discriminate between their sites by an interaction between recognition helix residue 9 and base pair 7.
Base pairs 8 and 9 also influence recognition, perhaps by providing weak contacts that cannot be strictly base-specific, as several combinations of base pairs are permissible. For example, at position 8, Bicoid-Q9 tolerates A, G, and, to a lesser extent, T (sites 9, 13, and 14), while wild-type Bicoid tolerates C and, to a lesser extent, T (sites 18 and 21).
Base-specific contacts to positions 1 and 2 are not critical for binding, because Bicoid and Bicoid-Q9 tolerate either T or C at position 2 (for example, site 18 versus a wild-type Bicoid site). In addition, a site in which positions 1 and 2 are CG instead of TC is still bound by Bicoid (Fig. iB, site  A1 ) (5).
The TAAT motif, which is conserved in nearly all homeodomain binding sites (3), is not used to discriminate between Bicoid and Antp binding sites, because complete switches in specificity are obtained with sites in which the TAAT is unchanged (for example, sites 9 and 18). Its importance, however, is inferred from alkylation interference experiments (15) , in vitro binding studies (7) , and from our own experiments, showing that T at position 6 is crucial for recognition by both Bicoid and Bicoid-Q9 (sites 7 and 8). It is likely that the TAAT is necessary to distinguish these sites from nonspecific DNA. Thus, the homeodomain binding site consists of two subsites, a common TAAT core element and specificity-determining bases that lie 3' to it. In the sites examined here, the closest base pair to the 3' end of the TAAT element (TAATN) contributed the most to binding specificity. The fact that switched specificity sites are obtained with nonsymmetrically disposed base substitutions in one-half of the site suggests that each site is bound by a single protein monomer. This is consistent with recent biochemical studies (15) and with the general lack of symmetry in homeodomain binding sites (7) .
Our results strongly suggest that interactions between the recognition helix and DNA occur in the major groove. This conclusion follows from the fact that Bicoid-Q9 distinguishes between T:A and A:T at position 7 (sites 9 versus 16). These base pairs display distinct functional groups in the major groove, but almost identical groups in the minor groove (16 (18), and ( sor (19), we propose the i ed in Fig. 2 . Here, Lys9 C the C:G base pair and Gh of the T:A base pair.
The fact that amino a teins interacts with the both Bicoid and Antp sit4 recognition helices con same way. The Antp-cl tarazu (Ftz), which has makes an equivalent con (20) , suggesting that Bic proteins recognize DNA similar way.
What other amino aci tion helix contact DNA? contact amino acids shot 9, on the same side ofthe hydrogen-bond with bas such amino acids wer might contact conserve( (10) XN-/ )==N X (Fig. lA.) Asn'0 > Ala, Asn'0 --Gin, or Arg'2-* Ala 2"' substitutions into wild-type Bicoid. As in Gin9 previous experiments (11) (see also legend d 9-base pair 7 inter-to Table 1 ), Bicoid proteins were expressed recognition helix do-as fusions to the bacterial LexA protein. All 6 or N7 ofguanine in three mutants were deficient for recognition is possible that Lys9 of both the Bicoid site and a switchedren bond to the gua-spcfit seas sown for the c-specificity Antp-class site ( Table 3 ). The the Gin at position 9 mutant proteins were apparently specifically ates a hydrogen bond defective in homeodomain-DNA binding; ;en bond from N6 of they were stably expressed, as demonstrated the Antp site. Similar by immunoblot analysis, and they activated Gin at position 9 of LexA operator-containing target genes, ini proteins.
dicating that their nuclear transport, oligomerization, and gene activation functions A from A:T base were maintained (20) . While such loss of tes 7 and 8 versus function experiments cannot establish preof known contacts cise contacts, the results suggest that Asn'0 l7), Lys4 and Gln4 and Arg`2 contact conserved features of the uln28 in 434 repres-two sites. If these contacts are sequenceinteractions depict-specific, they would be made to the concontacts guanine of served TAAT element, which would indin9contacts adenine cate that the recognition helix is aligned with its NH2-terminus toward the 3' end of Lcid 9 in both pro-the binding site (Fig. 3) . same base pair in Our model suggests that like prokaryotic es implies that their helix-turn-helix proteins, the homeodomain tact DNA in the recognition helix makes specific DNA con-[ass protein, fushi-tacts in the major groove. However, the Gln at position 9, geometry of this interaction is quite differitact to base pair 7 ent; unlike prokaryotic proteins, residues -oid and Antp-class toward the COOH-terminus make these in a fundamentally contacts. Our experiments show that Lys9 of the Bicoid recognition helix contacts base ids in the recogni-pair 7 of the Bicoid site (TCTAATCCC), We reasoned that while Gin substituted at this position (as in ild be near residue Antp-class proteins) contacts the equivalent (22) . In all three models (23), the COOH-terminus of the recognition helix inserts in the major groove, and the helix is tilted in a C to N, 5 2 ). Moreover, we note that the proposed bidentate hydrogen bond contact between Gin and adenine ( Fig. 2) would contribute more free energy to binding. As the authors have suggested (21) , the contact observed in the cocrystal might have been caused by distortions in the DNA caused by adventitious binding of a second protein monomer to the end of the fragment; alternatively, it may result from the solvent used to induce crystal formation, or it may be a nonspecific contact observed only at the high protein concentration in the cocrystal.
In the NMR model, residue 9 contacts base pair 7, but the site contains G:C instead ofT:A at this position. This interaction may be specific, but, because cytosine can only make a single hydrogen bond contact with GIn, it is unlikely to be as energetically favorable as an interaction with adenine. In fact, Ftz, which contains Gln at residue 9, binds in vitro to sites with G:C at position 7 (TAATi) about one-tenth as strongly as it binds to sites with T:A at this position (TAAIT) (24) 
